Branch Migration and Holliday Junction Resolution Catalyzed by Activities from Mammalian Cells
Figure 1. Fractionation of Mammalian CellFree Extracts to Reveal Branch Migration and Holliday Junction Resolution Activities
(A) Schematic representation of the synthetic Holliday junction (X26) and the expected products of branch migration and resolution. The junction contains a 26 base pair homologous core, flanked by heterologous sequences (shaded) that block spontaneous branch migration. Protein-mediated branch migration gives rise to splayed arm products, while nucleolytic resolution by the introduction of symmetrically related nicks at the crossover produces nicked duplex DNA. The 32 P end label (at the 5Ј terminus of strand 2) is indicated with an asterisk. (B) After phosphocellulose and ammonium sulfate precipitation, cell-free extracts prepared from calf testis tissue were fractionated on a 1 cm 3 butyl sepharose column using a 10 ml gradient (buffer A-1.0 AS to A-0 AS ). The branch migration/resolution activities eluted at, or close to, A-0 AS . Fractions were assayed for branch migration/resolution activities in the presence of ATP using 5Ј-32 P-labeled synthetic Holliday junction X26, as described in Experimental Procedures. 32 P-labeled DNA products were separated by PAGE and detected by autoradiography. Cell-free extracts were prepared from ‫5.0ف‬ kg of calf activities were specific for calf testis tissue or were present in all eukaryotic cells and tissue types, we analyzed testis material. Soluble proteins that bound phosphocellulose were precipitated using ammonium sulfate and extracts from various cell lines and mammalian organs. In each case, relatively crude extracts were assayed fractionated by butyl sepharose chromatography. Fractions eluting from the column were then assayed for after phosphocellulose adsorption, elution, and ammonium sulfate precipitation. Rabbit spleen, thymus, and Holliday junction processing activities. Remarkably, we observed that fractions 28-34 catalyzed the formation testis tissues were found to be good sources of resolvasome activity (Figure 2A , lanes j, l, and n), whereas only of splayed arm and nicked duplex DNA products ( Figure  1B) . The active fractions eluted at the end of a linear low levels of activity were detected from comparable amounts of protein from liver tissue (lane h). Branch ammonium sulfate gradient, indicating that both activities exhibit strong hydrophobic interactions with butyl migration and resolution activities were also present in fractions prepared from rodent (CHO) and human (HeLa) sepharose. At this stage, the fractions were quite impure and contained approximately 1%-5% of total protein.
cell lines (Figure 2A, lanes p and r) . Interestingly, with all cell types, we found that resolvase activity was stimuThe branch migration and resolution activities present in fraction 30 displayed properties similar to E. coli lated by ATP-dependent branch migration. This effect was particularly obvious with fractions made from rabbit RuvABC: in the presence of ATP, we observed products typical of branch migration and resolution (splayed arm spleen and human fibroblasts, in which case very little Holliday junction resolution was observed in the aband nicked duplex DNA, respectively), whereas in the cific nuclease activities hindered our analyses. It was therefore necessary to further fractionate each of the mutant extracts using phenyl sepharose chromatography. We found that the XRCC2 The branch migration/resolution activities isolated from calf testis tissue by phosphocellulose and butyl sephathe branch migration activity observed in fractionated human extracts might be due to these proteins, which rose fractionation were further purified using heparin and SP sepharose chromatography ( Figure 4A Figure 6B, lane n) .
Interestingly, we were unable to observe stimulation of SP-24-mediated Holliday junction resolution by SP-19. As shown in Figure 6B (lanes u-z) the results obtained after mixing the two fractions appeared to be the sum of the SP-19 and SP-24 reactions, and there was no evidence of the stimulatory effect seen earlier using less pure fractions (Figure 2 ). These results show that the mammalian fraction isoidentification of such activities, by describing a branch migration activity from mammalian tissues. Most imporlated by phenyl sepharose chromatography promotes a concerted branch migration/resolution reaction that tantly, we have shown that the mammalian branch migration activity is functionally coupled with Holliday is similar in many respects to that catalyzed by the E. coli RuvABC complex. junction resolution. The functional analogies to the E. we also observed defined sites of cleavage within the The branch migration activity detected in fractionated homologous core of the synthetic Holliday junction, as mammalian extracts fits the RuvABC resolvasome paraobserved previously (Hyde et al., 1994) . However, at the digm for the following reasons: (1) the activity converts present time our analysis of this aspect of the reaction synthetic Holliday junctions into branch migration prodis too limited to define any clear consensus sequence. ucts; (2) since the junctions contain a homologous core flanked by heterologous arm sequences, the formation of splayed arm products reflects the activity's ability to A Mammalian Holliday Junction "Resolvasome" promote branch migration through DNA heterologies;
Concerted Branch Migration and Resolution
One key aspect of the work described here is the appar-(3) using plasmid-sized recombination intermediates, it ent association of the branch migration and resolution was shown that branch migration requires ATP hydrolyactivities during purification. Following the adsorption sis and occurs over lengths greater than 2700 bp; and of soluble proteins from calf testis extracts onto phos-(4) we find that copurifying Holliday junction resolvase phocellulose and ammonium sulfate precipitation, we activity is both stimulated and modified by branch miobserved that the two activities coeluted from a butyl gration, suggestive of a coupled branch migration/resosepharose column. Moreover, the activities also cofraclution reaction. tionated in the 400 mM salt elution step from a heparin The branch migration activity was found in a variety agarose column. Only at the fifth step of the purification of organisms (rabbit, calf, hamster, and human), tissues procedure, chromatography on SP sepharose, did the (spleen, thymus, and testis) and cell types (fibroblasts two activities clearly dissociate from each other. Analyand lymphoblasts). Attempts to identify the gene(s) enses of the comparative molecular mass of the branch coding the activity have so far proven negative, with migration activity at early and late stages of the purifica-BLM Recombination intermediates (␣ structures) were prepared by in a Beckman SW50.1 rotor. The salt concentration of the supernatant was diluted to 0.2 M KCl for adsorption onto phosphocellulose. RecA-mediated strand exchange between gapped circular pDEA-7Z and 3Ј-32 P-labeled PstI-linearized pAKE-4M DNA as described Proteins were step eluted using buffer A-0.4 NaCl and subjected to a 25%-55% ammonium sulfate cut as described for tissue extracts. (Constantinou et al., 2000) . All molar concentrations relate to molecules of DNA.
The protein pellet was resuspended in buffer A-1.0 AS , dialyzed, and fractionated using a phenyl sepharose column with a 10 column volume gradient to A-0 AS . Active fractions were stored at Ϫ80ЊC. mM DTT, and 100 g/ml BSA) supplemented with 2 mM ATP when The ammonium sulfate concentration was then raised to 55% (an indicated. After 30 min incubation at 37ЊC, the DNA was deproadditional 179 g/l) and proteins were precipitated during 30 min teinized by incubation with 2 mg/ml proteinase K and 0.4% SDS for stirring on ice. The pellet (fraction I) that contained resolvasome 10 min at 37ЊC. Labeled DNAs were then analyzed by 10% neutral activity was recovered by low speed centrifugation and resus-PAGE or denaturing PAGE. pended in 50 ml buffer A (50 mM Na 2 HPO 4 /NaH 2 PO 4 [pH 6.8], 10% Reactions (20 l) containing 3Ј-32 P-end-labeled recombination inglycerol, 1 mM EDTA, and 1 mM DTT) containing 1 M (NH 4 ) 2 SO 4 termediates ‫1.0ف(‬ nM) were carried out in phosphate buffer con-(1.0 AS ). Typically, 125 mg of protein was recovered from 500 g of taining 2.5 mM Mg(OAc) 2 . After 90 min at 37ЊC, the DNA products testis tissues. The protein suspension was then dialyzed for 4 hr were deproteinized and separated by electrophoresis through 1% against buffer A-1.0 AS to completely dissolve the protein pellet. Fracagarose gels in TAE buffer containing 0.5 g/ml ethidium bromide tion I was applied to a 20 cm 3 butyl sepharose 4 fast flow column and (Eggleston et al., 1997). washed stepwise with buffer A-1.0 AS , A-0.5 AS , and A-0.35 AS . Active Control reactions with the E. coli RuvABC proteins were carried fractions (5 ml) were then eluted in buffer A-0 AS and pooled (fraction out in 20 mM Tris-acetate (pH 7.5), 15 mM Mg(OAc) 2 , 2 mM ATP, 1 II; 13 mg of protein in 30 ml). Fraction II was loaded directly onto a mM DTT, and 100 g/ml BSA as described (van Gool et al., 1999). 5 cm 3 heparin high trap column preequilibrated with buffer A conRuvC reactions were carried out with 100 nM RuvC, RuvAB reactions taining 0.1 M NaCl. The column was washed stepwise with buffer with 20 nM RuvA and 600 nM RuvB, and RuvABC reactions with 20 A-0.1 NaCl and A-0.2 NaCl . Branch migration and resolution activities nM RuvA, 600 nM RuvB, and 10 nM RuvC. were recovered in 2.5 ml fractions with buffer A-0.4 NaCl . Pooled fractions were diluted with buffer A to 0.15 M NaCl (fraction III, 1.9 mg Mapping of Resolution Sites of protein in 30 ml). Fraction III was further purified using a 1 cm 3 To generate fractions capable of coupled branch migration/resolu-SP sepharose high trap column. This was washed with 5 column tion (as shown in Figure 7 ) fraction I was applied to a 1 cm 3 phenyl volumes of buffer A-0.1 NaCl and activities were eluted with a 20 ml sepharose high trap column preequilibrated in buffer A-1.0 AS and gradient to A-1.0 NaCl . Fractions (0.5 ml) containing branch migration eluted with a 10 ml gradient to A-0 AS . Resolution reactions containing or resolution activity were frozen in dry ice and stored at Ϫ80ЊC. X26 ( 32 P-end labeled in strand 2 or 4) were carried out as described For gel filtration studies, samples (25 l) of each fraction were above except that ATP was replaced with an ATP/ATP␥S mixture applied to a superdex 200 PC 3.2/30 SMART column equilibrated (1.5 mM and 0.5 mM, respectively), and the reactions contained in buffer A-0.4 NaCl . The column was run at 25 l/min and 100 l competitor DNA ‫01ف(‬ nM unlabeled oligonucleotide 2 with its comfractions were collected. plement) to reduce exonuclease activity. DNA products were phenol Rabbit organs were taken post mortem from immunized rabbits extracted and ethanol precipitated before loading onto 8% denaturused for antibody production. Approximately 5 g of liver, spleen, ing gels containing 7 M urea. Sites of cleavage were determined by thymus, and testis tissue were homogenized, adsorbed onto phoscomparison with sequencing ladders as described (van Gool et al., phocellulose, eluted and precipitated with ammonium sulfate essen-1999). tially as described above.
Cell Lines
Cells grown in culture were washed three times in ice-cold PBS and once in hypotonic lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM
